Abstract -Weed communities are most strongly affected by the characteristics and management of the current crop. Crop rotation may thus be used to prevent the repeated selection of particular weed species. While weed communities are frequently compared among annual crops, little is known about the differences between annual and perennial crops that may be included in the rotations. Moreover, nearly all existing studies (17 articles reviewed) are based on local field experiments rather than commercial fields. We compared the weed composition in perennial alfalfas (Medicago sativa) and six annual crops: winter wheat (Triticum aestivum), oilseed rape (Brassica napus), pea (Pisum sativum), sunflower (Helianthus annuus), maize (Zea mays) and sorghum (Sorghum bicolor) using data from 632 commercial fields in western France. Weed species composition showed the strongest dissimilarities between perennial alfalfas and all annual crops, followed by the well-known differences between autumn-and spring/summer-sown annual crops. Indicator Species Analysis showed that most weed species either preferred perennial alfalfas (including Taraxacum officinale, Veronica persica, Crepis spp., Poa trivialis, Silene latifolia, Capsella bursa-pastoris and Picris spp.) or annual crops (including Mercurialis annua, Galium aparine, Fallopia convolvulus, Chenopodium album and Cirsium arvense). Perennial alfalfas thus suppressed many weeds that are widespread (and sometimes problematic) in annual crops while favouring other species. Shifted weed composition and reduced frequency of several noxious weeds suggest that perennial alfalfas may be used as a valuable part of integrated weed management, reducing the need for herbicides and sustaining plant and animal diversity in agricultural landscapes. crop diversification / temporary grassland / perennial forage crop / alfalfa / Medicago sativa / plant community composition
INTRODUCTION
Weed communities in arable fields are mainly characterised by the current crop type and associated farming practices (Doucet et al., 1999) . These anthropogenic factors are probably more important than environmental factors linked to, e.g., soil type and climate (Fried et al., 2008) . Each crop and associated management practices provide more or less specific conditions that act as filters (sensu Belyea and Lancaster, 1999) offering different ecological niches for weeds. Rotating dissimilar crops constitutes an important part of preventative weed management (Liebman and Dyck, 1993; Bellinder et al., 2004; Nazarko et al., 2005; Smith and Gross, 2007) . It may avoid selection for, and rapid population increases in, particular weed species adapted to one crop type, such as may * Corresponding author: munierj@dijon.inra.fr happen when one crop is cultivated during consecutive years ('monoculture'). Doucet et al. (1999) tried to disentangle the effects of intrinsic crop characteristics and crop management practices on weeds. They concluded that management had stronger influences than crop characteristics; however, both are often closely associated. First, the crop type influences several management practices important for weeds including the sowing season, the usable types of (selective) herbicides, the possibilities of mechanical weed control in the crop, and the harvesting date (determining, e.g., the potential for weed seed production). Second, several management practices (e.g., sowing date and density, fertilisation, irrigation, pest control) affect crop growth dynamics and thus crop-weed competition.
The 'weed-regulating function' of crop rotations may, however, be restricted if crop types and management practices are too similar or if the rotations are too short. To avoid this situation, crop rotations should be diversified. One possibility may be the introduction of perennial crops such as alfalfa/lucerne (Medicago sativa), clovers (Trifolium spp.), other legumes (Fabaceae), grasses (e.g. Dactylis glomerata, Festuca spp., Lolium spp., Phleum pratense, Poa pratensis) and various legume-grass mixtures (Freyer, 2003) . Such crops are also called 'temporary grasslands', 'leys', 'sod crops', 'fodder crops' or 'hay crops'. Such perennial crops stay on the field for several years before being converted to annual crops again. They are mostly used for livestock forage production, but may also be used to produce energy or raw material for industries (Tilman et al., 2006) . The amelioration of soil fertility and the regulation of pest and weed infestations are further reasons for interrupting sequences of annual crops with temporary grasslands (Katsvairo et al., 2006) . The appearance of cheap fertilisers and pesticides and the separation of crop and livestock production are the main reasons for the decline in temporary grasslands in conventional cropping systems of many regions (Freyer, 2003) . Today, temporary grasslands are mainly used in organic or low-input cropping systems. The need for improving the sustainability of cropping systems has recently increased the interest in diversifying farming systems with perennial crops (Katsvairo et al., 2006) .
Perennial crops may have strong impacts on the weed composition. Compared with annual crops, perennial forage crops are characterised by (a) reduced soil disturbances due to the absence of soil tillage for the whole duration of the crop (about 2-6 years), (b) increased aboveground disturbances caused by frequent hay cuttings (1-5 times per year) or grazing, (c) high and temporally extended competition caused by permanent and intense canopy closure and deep and dense rooting systems, (d) reduced or omitted herbicide use (Bellinder et al., 2004) , and possibly (e) allelopathic compounds released by some perennial crops including alfalfa (Khanh et al., 2005) . These characteristics may have various direct and indirect impacts on weeds. Established weed plants may benefit from the absence of soil tillage and from the reduced herbicide use. In contrast, they may suffer from the high competition (Schoofs and Entz, 2000) and from the regular cuttings (Norris and Ayres, 1991; Meiss et al., 2008) . Cuttings may temporally reduce the competition for light, but regrowth of forage crops is generally fast (Gosse et al., 1988; Meiss et al., 2008) and belowground competition for nutrients and water remains strong. The absence of soil tillage and the permanent vegetation cover may cause an accumulation of plant litter that may form a weed-suppressive mulch. In perennial crops, soil characteristics (organic matter, humidity, nutrients) and microclimatic conditions (temperature, light quantity and quality) relevant to weeds may be different to annual crops (Entz et al., 2002) . Therefore, some weed species may not be able to germinate without soil disturbance (Huarte and Arnold, 2003) , and a delayed nitrogen availability in legume-based cropping systems (in contrast to mineral N fertilisation) may favour species with larger seeds over smaller seeds (Liebman and Davis, 2000) . Finally, the absence of soil tillage and the permanent vegetation cover may favour weed seed decay or seed predation by animals (Westerman et al., 2005) . All these factors may potentially change weed demography and species composition in perennial forage crops. However, differences between annual and perennial crops are poorly documented, in contrast to comparisons between annual crops (Doucet et al., 1999; Murphy et al., 2006; Fried et al., 2008) . Available empirical studies analysing the effects of forage crops on weeds are summarised in Table I .
Most of the studies report reduced seed or plant abundance of several noxious weeds at the end of the forage crops or in the following crop. Disadvantaged species include mostly annual dicotyledonous species such as Abutilon theophrasti, Amaranthus spp., Brassica kaber and Galium aparine, but also some problematic annual grasses such as Apera spica-venti and Avena fatua, and a few perennial weeds such as Cirsium arvense. Meanwhile, several studies indicate that other species may profit from the forage crops including perennial broad-leaved weeds such as Taraxacum officinale and Rumex spp., some annual broad-leaved species such as Thlaspi arvense and some grasses such as Elymus repens and Poa spp. (see references in Tab. I). For several weed species, different studies report variable or even contradictory results (Tab. I).
Most available studies were based on local field experiments, whereas only one study was conducted on a larger number of fields from commercial farms (Ominski et al., 1999) . Moreover, many studies refer to forage crops lasting only 1 year (Tab. I), but impacts on weeds may differ in pluri-annual forage crops. Ten out of the 17 available studies concerned North America (Tab. I) but agronomic practices and environmental conditions may be different elsewhere.
The aim of this study was to compare the weed species composition in perennial and annual crops. The current crop is known to have a strong impact on the expressed weed composition. Effects of preceding crops, which have probably the second most important influence on weed communities (Fried et al., 2008) , will be studied elsewhere. We used data from >600 commercial fields in western France including the most frequent perennial crop, alfalfa/alfalfa (Medicago sativa), and six annual crops: winter wheat (Triticum aestivum), oilseed rape (Brassica napus), pea (Pisum sativum), sunflower (Helianthus annuus), maize (Zea mays) and sorghum (Sorghum bicolor). This study might provide additional knowledge about the potential of perennial crops to contribute to a more sustainable weed management in cereal-based cropping systems.
MATERIALS AND METHODS

Data sampling
The field surveys were conducted in a region of intensive agriculture in western France (46
• 11'N, 0 • 28'W). Annual mean precipitation is 779 mm and mean temperature 12.3
• C (5.6 in winter, 18.9 in summer). The commercial fields were part of a large study area (400 km 2 , >18 000 fields) supporting research on agriculture and biodiversity since 1994. Weeds were observed in spring and early summer of the years 2006, 2007 and 2008. We compared seven major crop species (see Tab. II for crop names and survey dates). The number of analysed fields per crop roughly corresponded to the relative frequency of the crops in the region except for alfalfas, which were over-represented (Tab. II).
Weed surveys in annual crops were done in 32 quadrats of 4 m 2 (2 m * 2 m) per field arranged along eight transects radiating from the centre of the field. In alfalfas, surveys were realised in 30 quadrats of 0.25 m 2 (0.5 m * 0.5 m) which were arranged on 2-3 parallel transects covering the entire field. Field edges were avoided in both cases. Smaller plot sizes were necessary due to the higher crop vegetation density in alfalfas compared with the annual crops. A statistical method was used a posteriori to test whether the two methods captured the same percentage of species present in the fields. For each field, we calculated the ratio of the observed species richness to the expected total species richness, which was estimated by Chao's formula (Colwell and Coddington, 1994) using the 'specpool' function in the 'vegan' package (Oksanen et al., 2009 ) of R (R Development Core Team, 2008 . The results showed that this ratio did not vary significantly between the seven crops (F 6,625 = 1.48, P = 0.18). The mean ratios were highest in sorghum (84.0%), lowest in wheat (76.0%) and intermediate in alfalfa (77.3%), suggesting that the methods captured a similar amount of information. This was also confirmed by species accumulation curves (sample-based rarefaction curves) (Gotelli and Colwell, 2001 ) which were calculated for the quadrats on the field scale using the 'specaccum' function of the 'vegan' package of R. The shape of the curves varied (data not shown), especially between fields with higher and lower species richness, but not between the crops, suggesting that the amount of information captured by both sampling techniques did not differ. Crop volunteers were not included in the analysis. 197 weed taxa were distinguished, including 161 species and 36 groupings of several species belonging to the same genera.
Statistical analysis
Presence-absence data from the 30-32 quadrats per field were used to calculate species frequency on the field scale. The percentage of occupied quadrats was used as an indicator of species abundance on the field scale. Different multivariate statistics and ordination methods were used to describe and test the differences between the seven crops. Rare weed species (present in less than 12 fields out of 632) were excluded from the multivariate analysis as they may unduly influence the results (Kenkel et al., 2002) . As the survey year (2006, 2007, 2008) had no strong influence on the weed communities in this dataset (data not shown), data from all three years were pooled for comparing the crops.
Canonical Discriminate Analysis (CDA, Kenkel et al., 2002) , also known as "Canonical Variates Analysis" was used as a constrained ordination method to visualise the community differences between the crops. CDA finds axes that best separate predefined groups (crops) in multivariate space. Analysis of Similarities (ANOSIM, Clarke, 1993) with the Bray-Curtis dissimilarity measure was used for testing the null hypothesis that crops do not differ in their weed composition. This nonparametric method is recommended for analysing multivariate data containing many zeros and does not rely on assumptions about multivariate normality (Kenkel et al., 2002; Sosnoskie et al., 2006) . The ANOSIM-R statistic varies between 0 (no differences between crops) and 1 (maximum difference, crops do not share any weed species). After the global tests, pairwise differences between all crops were calculated and Bonferronicorrected p-values are reported.
Indicator Species Analysis (ISA, Dufrene and Legendre, 1997) was used to identify and test the weed species showing strongest differences among the seven crops. This method combines information on the species frequency in each crop (presence-absence on the field scale) and on the species abundance in each crop (here: percentage of presence on the quadrats of each field). It returns indicator values (IV) for each species in each crop varying between 0 (species absent from all fields of that crop) and 100 (species is present with highest abundance in all fields of the crop, thus 'perfect indication'). These values are tested for statistical significance using a randomisation technique (4999 permutations of the fields' allocations to crops).
RESULTS AND DISCUSSION
Weed communities
Weed communities showed strong non-random differences between the crops (ANOSIM-R = 0.42, P < 0.0001). • alfalfa, winter wheat, oilseed rape, pea, sunflower, maize, sorghum (each point corresponds to one field, 632 fields in total). 60% confidence ellipses around crop centroids are drawn. Perennial alfalfas had the most distinct weed communities compared with all annual crops. Differences between autumn-sown annual crops (wheat, rape) and spring/summer-sown crops (sunflower, maize, sorghum) were also strong, while peas (sown in autumn or spring) had an intermediate position.
Canonical Discriminant Analysis (CDA) indicated that species composition mainly varied between three groups of crops: (i) perennial alfalfas, (ii) autumn-sown annual crops (wheat, oilseed rape) and (iii) spring/summer-sown annual crops (sunflower, maize, sorghum). Peas, which may be sown in autumn or spring, had an intermediate position between autumn-and spring-sown crops (Fig. 1) . Pairwise comparisons showed that the differences were strongest between alfalfa and sunflower (ANOSIM-R = 0.71, P < 0.0001), followed by alfalfa-maize, -pea, -rape, -sorghum and -wheat, while nearly all comparisons between pairs of annual crops were lower (Tab. III). This is consistent with CDA (Fig. 1) . Alfalfas had thus the most distinct weed species composition among the seven crops. This difference was even more pronounced than the better-known difference between autumn-and spring/summer-sown annual crops (Tab. III), which is frequently reported in the literature (e.g. Doucet et al., 1999; Murphy et al., 2006; Fried et al., 2008) . The originality of our study is the inclusion of perennial crops, which have rarely been documented for commercial fields.
Indicator species
The strong differences between weed communities in perennial and annual crops were caused both by significant increases in nine species in alfalfas, including Taraxacum officinale, Veronica persica, Crepis spp., Silene latifolia and Capsella bursa-pastoris, while about 24 other species appeared mainly in annual crops [see Tab. IV for names and indicator values (IV) of all species in all crops]. Some weed species had relatively high frequency and abundance in several annual crops. For example, Veronica hederifolia, Galium aparine and Fallopia convolvulus were indicator species for wheat, rape and pea, and Mercurialis annua, Convolvulus arvensis and Solanum nigrum for pea, sunflower, maize and sorghum crops (Tab. IV). In contrast, almost no species had high frequency in both annual crops and perennial alfalfas except Veronica persica in alfalfa and wheat and Capsella bursa-pastoris in alfalfas and sorghum (Tab. IV).
Differences among annual crops
Among the annual crops, typical weed germination periods may explain large parts of the observed differences between the crops, as documented in previous studies (e.g. Roberts, 1984; Hald, 1999; Fried et al., 2008) . Weed communities in rape crops (sown between August and October) were characterised by species preferentially emerging in autumn or late summer including Euphorbia helioscopia, Sinapis arvensis and Viola tricolor. Winter wheat (sown in October-November) was characterised by winter-emerging species such as Veronica hederifolia, Galium aparine and Papaver rhoeas. Peas (sown in November or February-March) were dominated by early spring-emerging species including Kickxia spuria, Polygonum aviculare and Fallopia convolvulus, and sunflower, maize and sorghum crops (sown in April-May) by late springemerging species including Amaranthus retroflexus, Setaria spp., Solanum nigrum, Chenopodium album and Polygonum persicaria (Tab. IV). It should be noted that weed surveys in the spring/summer-sown crops were conducted several weeks later in the year than all other crops (Tab. II), which could have introduced some additional differences. Conversely, the autumn-sown crops and alfalfas were surveyed during the same season. Figure 2 shows that all species with high frequency in annual crops (all 6 annual crops pooled together) are less frequent in perennial alfalfas and vice versa. While all very frequent species showed clear preferences, only a few species had similar mean frequencies in both crop types: Stellaria media and Alopecurus myosuroides (Fig. 2) .
Differences between annual and perennial crops
As the previous studies on weeds in perennial forage crops (Tab. I) are mostly descriptive, the following discussion about the mechanisms that may have caused the differences between the weed communities in annual and perennial crops might be somewhat speculative. Parts of the observed differences might be explained by the morphology of the weed plants that would influence the response to cutting. Previous experiments on individual plants suggest that upright broad-leaved weed species are most strongly affected by cutting, which will destroy large parts of the leaves and of the apical meristems and axial buds needed for regrowth (Meiss et al., 2008) . On the contrary, meristems (and leaves) of grasses or broad-leaved species with a flat morphology or rosettes would be less affected by cutting and might regrow more easily. The present study suggests that these morphological traits of broad-leaved weeds may actually be important in field conditions, as many of the species disadvantaged by alfalfas have either an upright morphology, including Mercurialis annua, Chenopodium album, Fumaria officinalis, Sinapis arvensis and Cirsium arvense, or climb up neighbouring plants, such as Galium aparine. In contrast, several of the broad-leaved species favoured by alfalfas have rosettes, including Sonchus asper, S. oleraceus, Crepis spp., Picris spp., T. officinalis and C. bursa-pastoris.
Plant life cycle duration might also explain some of the observed differences between annual and perennial crops. On the one hand, alfalfas favoured several perennial species, which has been observed previously (Andersson and Milberg, 1996; Teasdale et al., 2004; Albrecht, 2005; Hiltbrunner et al., 2008) . Slower-growing biennial or perennial species probably profited from the absence of soil tillage, which may also be the case in no-till cropping systems or in secondary succession (e.g., Zanin et al., 1997; Murphy et al., 2006) . Moreover, perennial species are probably more tolerant to competition and to the repeated cuttings than most annual species. Another Table IV . Indicator species analysis (ISA) of the weed communities in seven crops. Only weed species with IV max 20 (maximal IV over the different crops) are shown. High indicator values (IV) are shaded in successively darker shades of grey over the three levels: IV 10, IV 20 and IV 30. Alfalfas are associated with nine taxa. Indicator species of annual crops often show high indicator values in several annual crops, but rarely in annual and perennial crops. Alfalfas were thus characterised by a distinct weed community, suppressing many (noxious) weed species typical of different annual crops while favouring other species.
Current crop
Weed species Code m
Crop with highest IV P Maize Sorghum mechanism might be seed predation, which may have stronger impacts on populations of annual species than on perennials and which may be particularly strong in untilled perennial crops with permanent vegetation cover (Westerman et al., 2005) . While the perennial species found in alfalfas did not appear with high frequency in any annual crop, other perennial species appeared in sorghum crops including Verbena officinalis, Picris echioides, Calystegia sepium, Plantago major and Cirsium arvense (Tab. IV). This might have been caused by lower competition, lower herbicide use or no-till practices in sorghum, but information on management details is lacking. However, it indicates that some perennial species are not favoured in alfalfa. The suppressive potential of alfalfas against C. arvense has already been observed by previous studies (Ominski et al., 1999) . Thistles are probably less affected by soil tillage in annual crops compared with other perennial species (due to the ability to regenerate from root fragments). In contrast, they may particularly suffer from the Weed species occurrence in six annual crops (winter wheat, rape, maize, sunflower, pea and sorghum) and in perennial alfalfa crops. Frequency varies between 0 (completely absent in all fields of that group of crops) and 1 (present in all quadrats of all fields). All frequent weed species preferred either annual or perennial crops. SONAS, Sonchus asper; STEME, Stellaria media; ALOMY, Alopecurus myosuroides; ANGAR, Anagallis arvensis; ATX, Atrilex spp.; LAMPU, Lamium purpureum; see Table IV for other species names. Rare taxa are not named in the figure. high competition and the repeated cuttings in alfalfas depleting their belowground carbohydrate resources needed for regrowth (Graglia et al., 2006) . Besides some perennials including T. officinale, Crepis spp. and Silene latifolia, alfalfas also favoured a few small annual species with a very short life cycle such as Calepina irregularis, C. bursa-pastoris and V. persica. Short life cycles might allow species to produce seeds before the first or between two successive cuttings. Alfalfas might thus generate 'divergent selection pressures' favouring both long and very short life cycles.
CONCLUSION
This study was based on commercial fields from a large area. The advantage of analysing data from real farming systems comes at the cost of various uncontrolled factors (crop management, environmental factors and local weed species pool) that may increase the noise in the data. Despite this noise, we detected strong differences in the weed composition between 6 annual crops and perennial alfalfas. Perennial alfalfas were characterised by reduced abundance of many annual species and some perennials including Cirsium arvense that are often problematic weeds in annual crops. In parallel, alfalfas showed increased frequency of some perennial and some short-lived annual species. Several differences between annual and perennial crops including the absence of soil tillage, the increased competition and the frequent hay cuttings may be responsible for these strong weed community shifts. The relative importance of these factors should be determined by more detailed experimental studies.
This strong differentiation of plant communities confirms previous experimental studies and suggests that the diversification of crop rotations with perennial crops could contribute to Integrated Weed Management and herbicide use reduction. While alfalfas hinder the development of several weeds species that are problematic in annual crops, they may maintain a certain abundance and diversity of other wild plant species that may provide trophic resources for animals and other ecosystem services (Gerowitt et al., 2003; Marshall et al., 2003; Holland et al., 2006) . The strong impacts of perennial crops on weed communities reported in this paper should be completed by long-term studies tracking the weed community during entire crop rotations.
